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Many metals are essential in metabolic processes and can have a positive 
effect resulting in the normal function of a cell, but excessive exposure to 
certain metal species can result in severe toxicity and/or carcinogenicity. 
This work explores the critical issue of how deleterious metal ions, 
specifically mercury (II) and nickel (II) damage deoxyribonucleic acid (DNA) 
at the molecular level. Using Attenuated Total Reflectance-Fourier 
Transform Infrared Spectroscopy (FTIR), the structural changes in DNA as a 
function of pH as well as those caused by interaction with single and multiple 
metal ions, are characterized. In addition, the preferred binding sites of the 
metal ions will be determined. 
The binding sites and the structural distortions induced are essential for 
enhancing the understanding of the mechanism of mutagenesis and 
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genotoicity. Today, understanding the mechanism of metal-DNA interactions 
is becoming increasingly important since a number of potentially hazardous 
trace metals are now consistenly found in the atmosphere, soil, and water 
supplies. 
Mercury (II) has shown a definite interaction with DNA at the molecular 
level in our studies of binding at physiological pH. Spectral changes in the 
region of nucleobase show strong evidence of a Hg(II)-nucleobase interaction 
with a marked preference for thymine sites. These results confirm that 
interaction between Hg(II) and DNA occurs primarily through the nucleobase 
as opposed to the phosphate backbone. Ni(II) has shown no indication of 
metal-phosphate interaction in our FTIR studies as a function of pH. In 
aqueous solution Ni(II) shows limited interaction with DNA. As a 
consequence, further studies of the effect of Ni(II) on DNA need to be carried 
out. When DNA is exposed simultaneously to mercury and nickel, a strong 
Hg(II)-nucleobase interaction is still observed. There is no obvious 
enhancement for the affinity of DNA by metal 1 (Hg(II)) because of the 
addition of metal 2 (Ni(II)), nor could the existence of a competitive 
relationship be proven. 
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Metal ions are known to exert a wide range of effects on the structure 
and biological properties of molecules such as nucleic acids, proteins, and 
enzymes.1'3 For example, kinases (enzymes that transfer phosphoryl groups 
from ATP to six-carbon sugars) require Mg2+ or another metal ion such as 
Mn2+ for activity.1 During glycolysis, the divalent metal ion forms a complex 
with ATP. Metals are essential in metabolic processes, but excessive 
exposure to certain species can result in severe toxicity and carcinogenicity.2 
Certain metals have been linked to acute toxicity and carcinogenicity 
both in animals and humans. A number of potentially hazardous trace metals 
are now consistently found in the atmosphere, soil, and water, such that 
human beings are constantly exposed not only to isolated pollutants, but a 
mixture of potentially toxic chemicals.3 Some effects seem to be closely tied 
to the manner in which the particular metal ion binds to nucleic acids. There 
are two main sites of interaction; the phosphate moieties of the ribose 
phosphate backbone, and the electron-donor groups on the bases. To 
1 
understand the manner in which metal ions affect genetic regulation we must 
know the structural features of DNA. 
Deoxyribonucleic Acid 
DNA is a polymer composed of nucleic acid monomers called 
nucleotides. A nucleotide (Figure 1) consists of a heterocyclic base (purine or 
pyrimidine) linked to a pentose sugar (deoxyribose) which is attached to one 
or more phosphate groups. The C-l carbon atom of deoxyribose is bonded to 
N-l of a pyrimidine or N-9 of a purine. The bond between the sugar and base 








Figure 1. Nucleotide 
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There are four common nitrogenous bases found in DNA. Thymine 
and cytosine are derivatives of a single-ring base parent compound, 
pyrimidine (Figure 2); while adenine and guanine are derivatives of a double¬ 
ring base parent compound, purine (Figure 3). The pyrimidines and purines 
are weak bases and can exist in different chemical isomeric forms (keto-enol 
or amino-imino). In addition to base tautomerization, bases can exist in 
ionized forms.4 The DNA bases are hydrophobic and relatively insoluble in 
water. The hydrogen atoms of the amino groups act as hydrogen bond 
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Figure 3. Purine bases 
The pentose sugar in DNA is p-D-2-deoxyribose (Figure 4). The 
sugar ring structure exists in the p-form which describes the p-OH at the C- 
1 position, p -D-2-deoxyribose is a derivative of p-D-ribose (found in 
RNA) in which the hydroxyl (-OH) at the T position is replaced by a 
hydrogen (-H). The sugar ring is non-planar and has a structural role in 
DNA, serving primarily as a carbon skeleton in the DNA polymer.1 
Figure 4. p -D-2-deoxyribose 
The phosphates of DNA have two major structural roles. They serve 
as an integral part in the backbone of the DNA helix as well as a means by 
which the individualnucleotides are connected. The backbone of DNA is a 
highly polar structure consisting of deoxyriboses (sugars) linked by phosphate 
groups.4 The nucleotides are joined through a phosphodiester bond that 
connects the 3'-hydroxyl of the sugar carbon of one nucleotide to the 5’- 
hydroxyl of the sugar carbon of the adjacent nucleotide (Figure 5). The 
connecting nucleotides form a single stranded polynucleotide chain as shown 
in Figure 6. Phosphate esters are highly acidic. At physiological pH they are 
negatively charged and are responsible for the highly polar nature of the DNA 
backbone.5 Since phosphate esters are negatively charged they have high 
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Figure 5. Phosphodiester bond 
Guanine 
Figure 6. Polynucleotide chain of DNA 
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When two polynucleotide strands wind about a common axis with the 
planes of the bases nearly perpendicular to the axis a double helix is formed. 
The two strands are aligned in an antiparallel fashion, one strand oriented in a 
5'-3' direction and the other in a 3'-5' direction. One end of the chain has a 
5'-OH group and the other a 3'-OH group that is not linked to another 
nucleotide. This property gives each DNA strand polarity.1 The two strands 
are held together by hydrogen bonding. The hydrogen bonding between 
specific heterocyclic bases is referred to as complementary base pairing. In 
the DNA helix, guanine (a purine) pairs only with cytosine (a pyrimidine) and 
adenine (a purine) pairs only with thymine (a pyrimidine). The bases are 
stacked near the center of the cylindrical helix, with the base stacking 
providing stability to the double helix. The sugar and phosphate groups are 
on the outside of the helix and form a "backbone" for the helix.4 
The structure of DNA was first described by Watson and Crick in 
1953.4 A representation of their model which is commonly called B-DNA is 
shown in Figure 7. 
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Figure 7. Double DNA-helix 
The double-helical structure of DNA is remarkably stable. This 
stability is due to chemical forces which hold the helix together; hydrogen 
bonding and base stacking. There are two hydrogen bonds in the A-T base 
pair and they are separated by 2.82 and 2.91 À. In the G-C base pairs, 3 
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Figure 8. Hydrogen bonding of DNA base pairs. 
In DNA, the hydrogen bonds have an energy content of 2-3kcal/mol.4 
This is weaker than most hydrogen bonds due to geometric constraints within 
the double helix. But hydrogen bonding is not the only stabilizing factor in 
the double helix. Since the aromatic bases are planar, they can stack nicely 
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on one another. Hydrophobic interactions and Van der Waals forces are 
involved in the stacking interactions.4 The hydrophobic interactions expose 
the highly polar backbone but cause the stacked bases (non-polar) to be 
largely hidden inside the double helix where they are shielded from water. 
Van der Wals interactions involve dipole-dipole interactions and bond 
dispersion interactions. The individual interactions stabilizing the helix are 
weak, but the sum of all the interactions makes a very stable system so that 
the DNA double helix is remarkably stable once it is formed. 
Based on X-ray diffraction patterns of DNA fibers, the geometric shape 
of the DNA can take on four different conformations; B-DNA, A-DNA, C- 
DNA, and Z-DNA.5 These variations in the shape of the DNA helix, 
especially the B and Z forms, are known to have great biological relevance. 
B-DNA was the form deduced by Watson and Crick and is regarded as the 
native form. The number of base pairs in one helical turn of B-DNA is 10 bp 
per turn. In solution it is 10.4-11.5 bp per turn. The base pairs are inclined 
at 6° to planes perpendicular to the helix axis. The bases are stacked in the 
center of the helix and the distance between adjacent planar bases in the DNA 
double helix is about 3.4 Â. The structure forms a right-handed helix. A- 
DNA differs from the B structure in that the number of base pairs per full 
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turn is 12, and the base pairs are inclined by about 20° to planes perpendicular 
to the helix axis. This structure forms a right-handed helix as well, but the 
bases are not stacked at the center. They lean more toward the outside of the 
helix. However, there are more base pairs per unit length along the helix axis 
so the structure is fatter and longitudinally more compact. C-DNA is a 
distorted B structure with 8.5 bp per turn and the base pairs are somewhat 
more inclined to planes perpendicular to the axis. Z-DNA is a left-handed 
helix and is very different from right-handed DNA forms. The Z-DNA has 
12 bp per turn and the base pairs are flipped 180° relative to those in B-DNA. 
As a result, the repeating unit of Z-DNA is a dinucleotide, rather that a single 
nucleotide as in the other helices.6 
Although DNA helices are very stable, their stabilizing forces can be 
overcome. The process of disrupting these stabilizing forces is called 
dénaturation. The double helical configuration of DNA can be denatured by 
heat, changes in pH, alkali, or acid.4 As discussed previously, hydrogen 
bonding and base stacking interactions are the chemical forces that stabilize 
DNA. In addition, the helix can be stabilized by solvation or by covering the 
DNA with water molecules which forms a "shell of hydration" around the 
DNA. 
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Increasing the temperature of DNA (approaching 100°C) destabilizes 
the double helix, resulting in the separation of the complementary strands. 
Heat disrupts the hydrogen bonds and destroys the shell of hydration of DNA, 
thus leading to a loss of the forces that hold the two complementary strands 
together. Incubation of DNA at pH 12 or pH 2 causes the dénaturation due to 
ionization of the bases. Ionization results in a change in the hydrogen bond 
donor/acceptor properties of the bases which disrupts the normal A T and G-C 
Watson-Crick hydrogen bonds. In addition, the shell of hydration 
surrounding the DNA is disrupted at very high or low pH destabilizing base 
stacking.4 
O’Connor and coworkers have analyzed the pH-dependent structure of 
calf-thymus DNA using Raman Spectroscopy. In this investigation, it was 
found that the binding of H+ to adenine and cytosine residues resulted in a 
decrease in the percentage of DNA in the B-conformation and an increase in a 
C-form related conformation.7 
Harsh acid treatment leads to depyrimidation and depurination, the loss 
of bases by cleavage of the glycosidic bond, and to permanent dénaturation. 
Dénaturation can also be accomplished by alkali treatment. If a denatured 
solution of DNA is slowly cooled or neutralized the two single strands can 
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reform a paired double helical molecule. This process is called renaturation 
and requires a nucléation event in which a region of complementary bases on 
opposite strand finds each other and begins to form a hydrogen bonded double 
helix with stacked base pairs. Once nucléation has occurred, the rest of the 
double helix renatures very rapidly.5 
Other modifications to the physical properties of DNA, such as changes 
in the base sequence of DNA, can cause mutations due to errors in DNA 
replication. For example, covalent modification of bases can result in a 
change in their electronic configuration. This will disrupt hydrogen bonding, 
effectively creating a mispair at the damaged site. If DNA replication occurs 
using a damaged base, a mutation will result. There are several types of 
mutations: (1) the substitution of one base pair for another or of several pairs; 
(2) the deletion of one or more base pairs; and (3) the insertion of one or 
more base pairs. Mutations may be produced by chemicals that react with 
DNA such as nucleophilic or electrophilic agents, by intercalators, by 
spontaneous tautomerization of a base which produce forms of the bases that 
form base pairs other than A-T and G-C, carcinogens, or by metal ions.4 
Nucleophilic sites are the C4 and C6 positions of thymidine and 
cytosine and the C2, C6, and C8 positions of adenosine and guanosine as 
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shown in Figure 9. Electrophilic sites are the ring nitrogens and exocyclic 
nitrogens and oxygens in the purine and pyrimidine rings. Thus, thymine can 
react at N3 or at the oxygens at the C2 and C4 positions; cytosine at the N3, 
N4, or 02 positions and guanine at the Nl, N3, N7, or N6 positions. 
Nucleophiles and electrophiles are powerful mutagens because they can 
disrupt the normal hydrogen bonding properties of the modified bases, 
preventing A and C from paring with T and G, respectively.4,5 Many metal 
ions are powerful electrophiles. 
14 

























Sites of electrophilic attack. 
Figure 9. Sites of nucleophilic and electrophilic attacks 
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Intercalators are able to insert themselves between the stacked bases of 
the DNA helix. This brings about some unwinding of the DNA helix leading 
to the insertion or deletion of one or more base pairs during transcription.5 
Alternative chemical forms of the bases occur when the C6 keto 
(C = O) positions of guanine can undergo a tautomerization to an enol form 
(with a -OH at the C6 position). For this tautomerization to occur, the double 
bond must shift from Ihe carbonyl group to the nitrogen-carbon bond on the 
ring. In addition, an amino nitrogen (-NH2) can undergo a transition to an 
imino form (=NH). As a result of tautomerization the polarity of hydrogen 
bonding is reversed and mispairs of the bases can form. Enol-G will pair 
with T, keto T will pair with G, imino-A will pair with C, and imino-C will 
pair with A.4 
Carcinogens are foreign substances to the body that cause the 
uncontrolled cell replication commonly known as cancer. The mechanisms of 
mutagenicity are similar to those of carcinogenicity. Thus, a wide variety of 
mutagens are also carcinogens because of the mechanism by which they 
modify DNA. Depending on their size and structure, these compounds will 
react with different positions on different DNA bases. These changes in the 
base sequence of DNA caused by a carcinogen often induce a permanently 
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altered state in cellular DNA. Thus, in binding to DNA and causing a 
mistake during replication, a carcinogen causes cancer by acting as a 
mutagen.8 A majority of identified chemical carcinogens are organic or 
radioactive elements; however, a number of inorganic compounds, 
particularly metals and metalloid pollutants, have been linked to 
carcinogenicity both in humans and in animals.9 
Metal ions arejcnown to be essential in metabolic processes, however, 
the wrong metal ion or even the right metal ion in the wrong concentration 
can lead to serious errors in DNA synthesis.3 Nucleic acid molecules contain 
many electron donor groups that can serve as ligands for metal ions. Metal 
ions binding at high concentrations can cause a variety of dramatic changes in 
the structure of DNA. These changes can lead to the mispairing of bases. 




Biochemical processes such as DNA replication, RNA synthesis, and 
protein synthesis all require metal ions. For example, the structure of nucleic 
acids can be stabilized by metal ions. Since negatively-charged phosphate 
groups are in close proximity to each other, a mutually repulsive effect of 
these charges tends to unwind the DNA double helix into single strands in 
which the phosphate groups can move farther apart from each other. Metal 
ions stabilize structures of nucleic acids by binding to phosphate and 
neutralizing the charges on the phosphates therefore counteracting the 
tendency toward strand separation.3 Although metal ions are essential in 
metabolic processes, their interaction with DNA can result in induced 
mutations or cancer. Understanding the mechanism of metal-DNA 
interactions is becoming increasingly important since a number of potentially 
hazardous trace metals are now consistently found in the atmosphere, soil, 
and water supplies. 
The shape and structure of DNA provide a number of possible sites for 
electrostatic interactions with charged metal ions. The DNA base pairs, 
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stacked perpendicular to the axis of the double helix, offer a number of sites 
through their oxygen and nitrogen electron donors. Even the chiral nature of 
the DNA helix has been used to direct selective binding of chiral metal 
complexes with metal ions.10 The negative charges of the phosphates along 
the DNA backbone are also possible binding sites. By characterizing the 
structural changes in DNA caused by interaction with single and multiple 
metal ions, specifically, mercury (II) and nickel (II), this work explores how 
certain metal ions damage DNA at the molecular level. Although effects of 
metal in biological systems have been extensively documented, little 
information is available on the direct interactions of heavy metals with DNA. 
Also, little information is available on the effect of simultaneous exposure of 
DNA to multiple pollutants. 
Mercury is one of the best known of the heavy metal pollutants. The 
pure metal is used in thermometers, barometers, diffusion pumps, and many 
other instruments. Other uses are in making pesticides, dental preparations, 
antifouling paint, batteries, and catalysts. Certain forms of mercury are 
readily absorbed through the respiratory tract, the gastrointestinal tract, or 
even through unbroken skin. Toxic forms of mercury include mercury 
vapour, inorganic mercury, and alkyl mercury.11 Much of the mercury 
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entering the atmosphere does so as volatile elemental mercury from coal 
combustion and volcanoes. Other forms of mercury enter the environment 
from a large number of miscellaneous sources related to the human use of the 
element. For example, it was found that chemical plants were releasing up to 
14 or more kilograms of mercury in wastewater each day.2 Soluble inorganic 
mercury salts are highly toxic. HgCh causes corrosion of the intestinal tract 
and kidney failure.12 HgCl2 is prepared commercially by heating mercury (II) 
sulfate with sodium chloride; the HgCl2 sublimes from the reaction mixture 
HgS04 (s)+ 2NaCl (s) HgCl2 (g) + Na2S04(s) 
In dilute solutions it is used as an antiseptic. It is moderately soluble in water 
but only slightly ionized, as indicated by the low electrical conductivity of its 
aqueous solution.11 The toxicity of mercury was tragically illustrated in Japan 
during 1953-1960. Cases of mercury poisoning and deaths were reported 
among people who had consumed seafood from a bay that had been 
contaminated with waste from a chemical plant. Among the toxicological 
effects of mercury found were neurological damage, including irritability, 
paralysis, blindness, insanity, chromosome breakage, and birth defects.2 
Nickel is a silvery white metal that is ductile, highly magnetic and a 
fair conductor of heat and electricity. It is not oxidized by air under ordinary 
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conditions and it is resistant to the action of bases. It is chiefly valuable in 
serving as a constituent of many important alloys, and is extensively used for 
making stainless steel and other corrosion-resistant alloys. Because of its 
hardness, resistance to corrosion, and high reflectivity when polished, nickel 
is widely used in the plating of other metals providing a protective coating for 
them. Finely divided nickel is used as a catalyst in the hydrogenation of 
vegetable oils. Nickel is also used in ceramics, in the manufacturing of alnico 
(Al, Ni, Fe, Co) magnets and in the Edison storage battery.11 The major 
routes of Ni(II) intake for humans are inhalation, ingestion, and percutaneous 
absorption.11 The carcinogenicity of nickel has been established among nickel 
refinery workers.13 Several epidemiological studies of workers exposed to 
Ni(II) or Ni compounds have clearly demonstrated an excess incidence of 
nasal sinus cancer, lung cancer, and possibly cancer of the stomach and 
larynx. The most likely species responsible for carcinogenic activity are 
thought to be the Ni(II) itself. 
These metals have been chosen for this study because of the 
importance of these two ions in biological systems. Hg(II) complexes tightly 
with thiol groups. Consequently, it is an efficient enzyme inhibitor. Both 
Hg(II) and Ni(II) are suspect animal carcinogens. Also, both ions are 
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commonly found in waste water from industrial sources. In addition, the 
binding of Hg(II) to DNA and Ni(II) to DNA is still not clearly understood. 
Furthermore, the simultaneous exposure of both metals has not been 
previously investigated. From these studies the preferred binding sites of the 
metal ions are studied as well as the structural changes induced by the metal 
species. The synergistic effect of more than one metal on DNA is being 
studied because typical mixtures present in environmentally hazardous 
environments consist of a mixture of potentially toxic chemicals. For 
example, industrial workers exposed to cadmium are also exposed to lead and 
zinc. Thus, of special interest is the ability of a second added metal to hinder 
or facilitate the binding of the first metal. The binding sites and the structural 
distortions induced are essential for enhancing the understanding of the 
mechanism of mutagenesis and toxicity. In addition, studies were also done 
on the pH dependent structure of calf-thymus DNA. These studies serve the 
purpose of monitoring several different features associated with the structure 
of DNA such as conformational changes and base stacking. 
There have been significant advances in the treatment of most types of 
heavy metal poisoning due to the development of specific competitive 
chelating agents. Thus, through a better understanding of the role and mode 
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of actions of metal ions in biological systems, new chelating agents can be 
developed leading to far more selective and effective agents for the 
therapeutic control of both toxic and essential metal ions.1 
Various aspects of metal interactions with biomolecules have been 
extensively reviewed.18'32 These reviews consist of UV, NMR, and IR 
spectroscopic studies. The complexing of calf-thymus DNA by mercuric ion 
was first studied by Katz (1952). Katz discovered a reversible decrease in the 
viscosity of dilute DNA solutions upon addition of approximately equivalent 
quantities of HgCl2, as well as changes in other properties, indicating some 
kind of configurational rearrangement.16 Thomas (1954) concluded from 
ultraviolet absorption spectroscopy that Hg(II) binds to weakly basic nitrogen 
sites on the purine and pyrimidine bases.17 Further studies by UV 
spectroscopy and other instrumental methods (Yamane and Davidson (1961)) 
investigated the binding of Hg(II) to a number of DNA's with different base 
compositions at pH 5.6. The pertinent results from these investigations are as 
follows: (a) In agreement with investigations by Katz and Thomas, there is a 
decrease in the intrinsic viscosity and a spectral shift when Hg(II) adds to 
DNA; (b) The binding is reversible, and the original DNA is recovered upon 
the addition of complexing agents for Hg(II), such as Cf or CN16 (Dove and 
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Yamane); (c) Identical spectral shifts and identical viscosity changes are 
produced when Hg(C104)2 rather than HgCl2 is used as the source of Hg(II) 
leading to the conclusion that it is the free ion rather than HgCl2 being bound, 
and is adding to the base moieties, not the phosphate groups; (d) Irrespective 
of the GC:AT ratio in the DNA, addition of Hg2+ results in formation of a 
first complex with a characteristic spectrum up to a ratio of one Hg(II) to 2 
bases for the calf-thymus DNA (r=[Hg(II)]/[nucleotide] = 0.5).17 A second 
complex forms with excess Hg(II); (e) The binding is selective, Hg(II) 
interacts more strongly with A-T rich DNA than G-C rich, and denatured 
DNA more strongly than with native; (f) Hydrogen-ion release experiments 
indicate that two protons are released per Hg(II) added to DNA at pH 5.7; 
the equilibrium of binding is pH dependent. 
There has been considerable speculation on the structure of the Hg(II)- 
DNA complexes. Katz (1963) later proposed a structure for the Hg(II)-DNA 
complex. He proposed a chain slippage mechanism whereby the Hg(II) forms 
a bond between two thymine moieties in alternating d(AT)n polymers 
crosslinking the complementary strands. The imino N-H bond in each 
thymidine is believed to be the source of the two protons released per Hg(II) 
incorporated. The formation of N3-Hg-N3 bonds corrupts the conventional 
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Watson-Crick hydrogen bonds.18 An alternative to the chain slippage model is 
the cross-linking by Hg(II) of the original base pairs with proton loss on 
thymine N3 and guanine N1 in addition to proton loss on the amino groups of 
adenine and cytosine.19 Proton Nuclear Magnetic Resonance analysis of the 
binding of mercury(II) to poly(dA-dT) at r = 0.25 (r = Hg(II)/(nucleotide) 
results in loss of the exchangeable imino N3-H resonance of thymine. The 
nonexchangeable base resonances AH8, AH2, and TH6 shift their intensity 
downfield indicating complexation. This confirms that binding occurred at 
thymidine N3-H through proton substitution and supports Katz model.20 
To shed light on some of the structures proposed, the crystal structure 
of two methyl thymines linked by Hg(II) was proposed. The crystal structure 
of the [methylthymine-Hg-methylthymine] complex serves as a model of the 
geometry to be expected for the thymine-Hg-thymine bridge.21 Buncel et al. 
found evidence from and NMR for the formation of mixed-ligand 
nucleosides complexes of Hg(II) in DMSO.22 These complexes were obtained 
through equilibrium in dimethyl sulfoxide solution of 1 equivalent of the 
symmetrical complex [Thy-Hg-Thy] (C) with 2 equivalents of free guanosine, 
or similarly 1 equivalent of [Guo-Hg-Guo] (D) with 2 equivalents of free 
thymidine. The complexes C and D were used as reference compounds in 
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studies to determine the preferential binding of Hg(II) towards guanosine and 
thymidine from competition studies involving two equivalents of Guo-H or 
Thy-H and 1 equivalent of HgO. It was concluded that Hg(II) binds with a 
proton displacement, preferentially to N3 of Thy-H as compared to N1 of 
Guo-H. The results also show that the relative stabilities of the mercury 
bridged complexes follow the order [Thy-Hg-Thy] > [Guo-Hg-Guo] > 


























The interaction of mercury with nucleosides has also been investigated.23 
Early UV spectroscopic studies from competition of formaldehyde with Hg(II) 
for nucleosides concluded that Hg(II) binds the primary amines. Eichorm and 
Clark found in an ultraviolet spectra study at pH 9 that HgCl2(aq) reacts with 
the amino group in adenosine and cytidine in the absence, but not in the 
presence, of formaldehyde. Since formaldehyde is known to react with the 
imino groups of the purine and pyrimidine nucleosides the amino group is 
believed to be blocked by reaction with formaldehyde. This leads to the 
conclusion that the HgCl2 binds the amino group in adenosine and cytosine. 
Simpson, in an ultraviolet spectral study of CH3HgOH-DNA interaction found 
that CH3Hg + interacts with the imino nitrogens of thymine through proton 
displacement at N3-H of thymidine and Nl-H of guanosine with several 
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weaker sites available in adenosine and cytosine.24 This CH3HgOH-DNA 
interaction has been shown to cause irreversible dénaturation, indicating a 
different mechanism of action for that of Hg(II). This is explained by 
CH3Hg + binding to complementary strands of DNA without making cross¬ 
links, thus producing single-stranded DNA irreversibly. Evidence in support 
of these findings of metal nucleotide interactions was reported by Buchanan 
and Stothers.27 Changes in 15N chemical shifts of three nucleosides using 15N 
NMR spectroscopy provided evidence for the binding of Hg(II) to N1 of 
guanosine, N3 of thymidine, and N7 of adenosine.25 
Recently, Froystein and Sletten used ‘H and 15N NMR spectroscopy to 
study the interaction between the DNA dodecamer CGCGAATTCGCG and 
Hg(II).26 They discovered that, in the imino region of the spectrum, the 
thymine N3-H resonances disappear upon Hg(II) addition showing, like 
others, that Hg(II) interferes with the Watson-Crick hydrogen bonds of the 
A-T base pairs. Addition of KCN in six-fold excess to Hg(II) restored the 
original ‘H spectrum of the dodecamer supporting that reaction of Hg(II) with 
native DNA is reversible. Their data suggest that four Hg(II) ions form 
covalent bonds with the four A-T base pairs involving A5/A6 NH2 through 
loss of protons and T7/T8 04 on opposite strands indicating that the insertion 
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of Hg(II) ions produces a "bulge" in the AT region of the duplex.26 





Gruenwedel studied die effect of the addition of Hg(C104)2 to deoxyadenosine 
and thymidine monomers and dimers.27 Addition of Hg(II) produced major 
alterations in the circular dichroism(CD) of the dimers but no, or only small, 
changes in the CD of the monomers. The addition of Hg(II) reveals that the 
sequence of the bases in the polynucleotide chain is of major influence. 
According to Gruendel, it appears that, at least with monomers, the phosphate 
group may have a role in Hg(II) binding. It is suggested that the phosphate 
group plays a role, perhaps not only in furthering the attachment of Hg(II) to 
the base (say via the C5 -0-P-0-Hg-N7 purine linkage), but also in increasing 
molecular asymmetry by fixing the orientation of the base with respect to the 
sugar moiety. Keller and coworkers studied the interaction of HgCl2 with 
DNA in hydrated films and, unlike previous studies, used infrared 
spectroscopy.28 They discovered the formation of a Hg(II)-DNA complex 
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which prevented the transition of DNA from the B to the A helical form but a 
conformational variation with in the B family of structures was observed. 
They also presented additional evidence in support of an A-T binding site, and 
concluded that binding of Hg(II) to A-T pairs perturbs the C-G pairs but has 
only a minor effect on the sugar-phosphate conformation.28 
Although the metal-nucleic acid interaction has been studied with a 
variety of metals, not much is reported on nickel. K.S. Kasprzak et al. 
indicated that, in aqueous solutions, Ni(II) interacts predominately with the 
phosphate groups of DNA, which is consistent with the mostly hard character 
of the Ni(II) cation.29 The interaction of Ni(II) with the base moieties of 
2'-deoxynucleosides and 2'-deoxynucleotides were studied by means of UV 
spectroscopy. Kasprzak et al. indicated the interactions were generally weak 
and could be quantitated only at pH 7.2-7.5 for the purine nucleosides and 
nucleotides and at pH 7.6-7.9 for the pyrimidine nucleotides. Moreover, the 
pyrimidine nucleotides showed some reactivity only with the highest Ni(II) 
concentrations. The resulting coordination binding of Ni(II) was stronger 
with the purine derivatives.30 These results contrast with Ni(II)-directed, 
site-specific cleavage of DNA with H202 that occurs preferentially at the 
pyrimidine bases.31 Kawanishi et al. studied DNA damage induced by a 
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mixture of Ni(II) plus hydrogen peroxide and found that this resulted in DNA 
cleavage frequently at cytosine, thymine, and guanine residues and rarely at 
the adenine residues. Furthermore, Taillandier and coworkers, using infrared 
spectroscopy, have shown that the Ni(II) ions interact directly with the N7 of 
the guanines and stabilize the Z conformation of an unmodified [d(A-C)] 
•poly[d(G-T)] polymer in hydrated films.32 
All these relevant studies address the critical issue, metal-DNA 
interaction. However, a detailed structural study is clearly needed to give a 
positive and definite characterization of the metal-DNA interactions if we are 
to really understand the mechanism by which toxic metal damages DNA. 
Using a sensitive tool such as FTIR spectroscopy, we believe we have come 
one step closer to achieving this goal. 
Vibrational Spectroscopy Background 
The method chosen to study the effect of metal binding to DNA in this 
project was Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (FTIR). The fundamental measurement is obtained by means of 
a scanning Michelson interferometer. The interferometer consists of a 
moving mirror, a fixed mirror, and a beamsplitter. The beamsplitter is placed 
between the fixed mirror and the movable mirror, where radiation from an 
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external source can be partially reflected to the fixed mirrors and partially 
transmitted to the movable mirror.33 A condition is created under which 
interference between the beams can occur. The intensity variations of the 
beam’s energy from the interferometer can be measured as a function of path 
difference by a detector. The resulting signal from the detector is known as 
an interferogram and contains all the information required to obtain a single 
beam spectra via the .mathematical process known as Fourier transformation.33 
This technique has several distinct advantages. The Michelson 
interferogram collects all wavelengths at the same time with a better signal to 
noise ratio than a dispersive instrument and in a fraction of time. In addition, 
the spectral information is digitized, thus computerized spectral subtraction, 
addition, and baseline corrections can be performed. 
The DNA polymer is characterized by infrared spectroscopy using 
group infrared absorptions of the bases, sugar, or phosphate group.34 To 
determine the type of structural changes that take place as DNA interacts with 
the metals, changes in the vibrational frequencies of these functional groups 
are measured. The infrared spectra of B-DNA have been studied by a number 
of different authors.34-35 The assignments are shown in Table 1. The 
asymmetric phosphate stretching occurs at 1225 cm1. The symmetric 
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phosphate stretching is coupled with a C5'-05' sugar stretching vibrations and 
occurs around 1085 cm'1. The base vibrational absorption frequencies 
v(C = N), v(C=0), v(C=C) of DNA occur in the region between 1800 and 
1550 cm'1 for double-bond, in-plane vibrations; between 1550 and 1100 cm'1 
for in-plane ring vibrations; and below 800 cm'1 for out-of-plane ring 
vibrations. Observed at 1715 cm'1 is a band characteristic of base pairing 
involving the in-plane C=0 andC=N stretching vibrations. 
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1088.0s P02 ■ + C-0 
1053.0s C-0 ribose + ose ring + phosphate 
1016.0m C-0 ribose 
971.0s C-C + P-0 single bond 
896.0s ribose-posphate main chain 
s-strong , m-medium, w-weak, v-very, sh-shoulder 
Using the Attenuated Total Reflectance (ATR) cell was an important 
aspect of the study, since the ATR cell made it possible to obtain spectra of 
aqueous solutions of DNA, and DNA-metal mixtures. In the application of 
the ATR technique in infrared spectroscopy, the infrared beam passes through 
a crystal made of a high refractive-index, infrared transmitting material (such 
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as ZnSe), as shown in Figure 10. The infrared beam enters the crystal 
perpendicular to one of the beveled faces of the crystal, and is "totally 
reflected" at each surface.36 
Figure 10. Propagation of Infrared Radiation through an ATR Crystal.36 
When this internal reflectance occurs, an "evanescent field" is created which 
extends beyond the surface of the crystal into the sample that is in contact 
with the crystal.36 The magnitude of the electromagnetic field decays 
exponentially with distance from the surface of the ATR crystal according to 
the equation 
This distance makes ATR generally insensitive to sample thickness, allowing 
for the analysis of strongly absorbing samples where dp is called the depth of 
penetration and is defined by the depth which the evanescent field extends into 
the sample. It is calculated by: 
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dp = X/{2Ttn2[sin20 - (nt/ni)]
1/2} 
where X is the wavelength of infrared radiation, n,/n, is the ratio of the 
refractive indices of the sample of the ATR crystal, and 0 is the angle of 
incidence.36 As becomes increasingly larger than n,, the ratio n/n, 
decreases, the denominator in the expression for dp increases, and dp 
decreases. As X increases, dp increases, so the depth of penetration is a 
function of wavelength. It is the evanescent field which is affected by 
infrared-absorbing molecules. In regions of the infrared spectrum where the 
sample absorbs energy, the evanescent field will interact with the sample and 
a spectrum can be obtained. Typical depths of penetration are on the order of 
the wavelength of the light itself. For ZnSe, the ATR crystal material used in 
this project, n, = 2.42. For the study of dilute aqueous solutions, the infrared 
refractive index of water can be used for n, and it is 1.245 at 2.5p. A typical 
ZnSe ATR crystal is bevelled at 45° which is the value of 0. Using these 
numbers to solve for dp gives a value of 0.342p at À = 2.5 p = 4000 cm"1. 
A similar calculation for X = 10p gives dp = 1.42p. Our ATR crystal 
yields about 11 reflections as the infrared radiation propagates through the 
crystal, so that the total "pathlength" through the phase surrounding the 
crystal is approximately 3.8p at X — 2.5p and 15.6p at X = 10p. The 
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combination of these two instrumental developments, FTIR and ATR, 
provided advantages such as high sensitivity, resolution, and speed making it 
easier to manipulate and better interpret the data. Thus, ATR-FTIR is a 





DNA was purchased from Sigma Chemical Company. DNA was 
purified by extraction using phenol (Aldrich), chloroform (Fischer), isoamyl 
alcohol (Sigma-Aldrich), Tris [Hydroxymethyl] Amino-methane (Sigma), 
8-hydroxyquinoline (Aldrich), Sodium Acetate (Fisher), 100% ethanol 
(Quantum Chemical), and 70% ethanol (McCormick Distilling Co.). These 
reagents and solvent were used as received. Mercury (II) chloride (Aldrich), 
nickel (II) chloride (Aldrich), and deuterium oxide (Aldrich) were used 
without further purification. The pH of all samples was adjusted using either 
hydrochloric acid (Fischer) or sodium hydroxide (J.T. Baker). To measure 
the pH, a Fischer Scientific Acumet 950 pH/ion meter and a combination pH 
electrode (Coming) were used. To prepare, load, and remove samples, a 
micropipette was used (Oxford Benchmate). FTIR spectra were recorded on a 
Nicolet Magna 750 Spectrometer coupled to a liquid nitrogen cooled MCTA 
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Detector. All spectra were taken in aqueous solution using a Spectratech 
Attenuated Total Reflectance Cell equipped with a zinc selenide plate. 
Purification of DNA 
Residual protein was removed from the commercial grade DNA by 
phenolic extraction. The procedure used for DNA purification is outlined in 
the series "Current Protocols in Molecular Biology".38 The DNA was 
dissolved in saline solution with a concentration of sodium chloride equal to 
that of the DNA. A 25:24:1 mixture of phenol:chloroform:isoamyl alcohol 
was prepared. The DNA solution was extracted with this mixture to remove 
protein contaminants and then was precipitated with 100% ethanol. The DNA 
was centrifuged after the precipitation step, washed with 70% ethanol to 
remove salts and small organic molecules, and resuspended in doubly distilled 
water. The resulting DNA solution was lyophilized for 36 hours to get dry, 
protein-free DNA. 
A Beckman DU 640 Ultraviolet spectrophotometer was used to 
determine the exact concentration and purity of the DNA solution. DNA 
absorbs ultraviolet (UV) light in a band centered around 260 nm. The 
concentration of DNA in solution is determined by measuring the absorbance 
at 260 nm, A260. When A260 = 1 , the concentration of the DNA is about 
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50 g/ml. This is calculated from Beer’s law [A = elc (or c = A/el)\ where A 
is the absorbance, l is the width of the light path of the cuvette in cm (in this 
case 1 cm), e is the extinction coefficient, and c is the concentration of the 
DNA in pg/ml. The extinction coefficient of DNA is e = 6.6 x 106 
ml/pg cm. To measure the purity of DNA, the A260/A2g0 ratio was used. 
The protein impurities absorb UV light maximally at 280 nm. A ratio of 1.8- 
2.0 is indicative of ajiure preparation of DNA. A lower ratio is an indication 
of an unacceptable level of protein contamination. The DNA extracted was 
determined to be 96% pure using the above ratio. In addition , the infrared 
spectra of purified DNA did not show any protein bands which appear at 
1653.7, 1558.8 and 1396.4 cm1 . The purified and lyophilized DNA sample 
was stored in a well sealed glass container at 4 C to prevent hydration. A 
10.5 mM stock solution of DNA was prepared from the purified DNA in 
doubly distilled water. 
DNA Sample Preparation for pH Studies of DNA 
For the pH studies, the concentration of DNA used was 10.5 mM as 
determined by absorbance at 260 nm, and was dissolved in 10.5 mM NaCl. 
From an initial 6 ml 10.5 mM DNA solution five consecutive 1 ml samples 
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were removed and prepared at pH 4, 5, 6, 7, and 8, respectively. For each 
sample the pH was adjusted by using either 0.05 M HC1 or 0.05 M NaOH 
solutions. 
Metal and Metal-DNA Sample Preparations 
A 0.079 M HgCl2 solution was prepared by dissolving 0.2145 g of 
HgCl2 in 10 ml of 10 mM NaCl . Likewise, 0.1878 g of NiCl2 was dissolved 
in 10 ml of 10 mM NaCl. The desired volume of metal solution was 
transferred using an automatic pipette. Spectra were obtained for DNA:metal 
ratios of 10:0.25, 10:0.50, 10:0.75, 10:1.0, and 10:2.0. The DNA 
concentration and the volume of each sample was kept constant. Only the 
concentration of the metal was varied. Initially, each metal-DNA sample was 
prepared and stored in individual vials. 
In order to reduce error caused by the large number of measurements 
and successive pipettings, the sample preparation technique was changed to 
make sure the same concentration of DNA was maintained throughout each 
experiment. The desired volume of metal solution was added to an initial 6.0 
ml of 10.5 mM DNA solution using an automatic pipette. The pH of the 
solution was adjusted between pH 6-7, and 1 ml of solution was removed to 
obtain spectra of a 10:0.25 DNA:metal ratio. Thereafter, spectra were 
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obtained for successive 1 ml samples removed from the initial DNA solution 
and to which the desired volume of metal solution was added to obtain 
DNA:metal ratios of 10:0.50, 10:0.75, 10:1.0, and 10:2.0. The pH of all the 
samples prepared were adjusted to values between 6.8-7.2 using 0.05 M 
NaOH and 0.05 M HC1. 
FTIR Measurements 
The samples were transferred to the ATR cell. A resolution of 4 cm'1 
and 500 scans were used to acquire the spectra. The reproducibility of our 
FTIR measurements were checked by monitoring the intensity of the H20 
bending mode at 1640 cm'1 for data taken from different sets on the same 
solution. The spectra presented were formed by the subtraction of solvent 
background. For the sample spectra, the reference spectra which is the same 
solvent found in the sample is subtracted from the sample spectra. Any 
molecular changes will be indicated by a difference in spectrum, as any 
constant features will be removed by this subtraction operation. Furthermore, 
small spectral differences are easy to determine by this method. The water 
subtraction was performed using 10.5 mM NaCl as the reference at pH 7. 
This was accomplished by obtaining a flat baseline around 2200 cm'1 created 
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by the cancellation of the combination of the water bands. This subtraction 
result was characterized as a good subtraction. However, some distortions 
occasionally appeared. Although this manipulation is a rough estimate, it 
removes the water contribution so that the intensity and frequency of the 
bands of interest can be characterized in excellent detail. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
The goal of this study was to investigate changes in the DNA structure as 
a function of pH and as a function of added transition metals in aqueous solution 
by EUR spectroscopy. Vibrational frequencies have been assigned based upon 
correlation with previously reported IR studies on hydrated films (table I). Our 
IR spectra of 10.5 mM DNA are consistent with those reported previously. The 
asymmetric phosphate stretching occurs around 1223 cm'1. The symmetric 
phosphate stretching is coupled with C5'-05' sugar stretching vibrations and 
occurs at 1086 cm'1. The base vibrational absorption frequencies v(C=N), 
v(C=0), v(C^C) of DNA occur in the region between 1800 and 1550 cm'1 for 
double-bond, in-plane vibrations; between 1550 and 1100 cm'1 for in-plane ring 
vibrations; and below 800 cm'1 for out-of-plane ring vibrations. The 1800-1500 
cm'1 region is partly obscured by the presence of strong water absorption (1640 
cnr 1). However, spectrum subtraction of the water allows significant 
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information to be obtained. Observed at 1715 cm-1 is a band characteristic of 
base pairing involving the in-plane C=0 and C=N stretching vibrations 
(Table 2). 













1086.1s P02 + C-0 
1053.2s C-0 ribose + ose ring + phosphate 
1016.0m C-0 ribose 
970.0s C-C + P-0 single bond 
896.0m ribose-posphate main chain 
s-strong , m-medium, w-weak, v-very, sh-shoulder 
The same band characteristics of pure DNA we reported were consistently 
observed with DNA dissolved in doubly distilled water or NaCl up to a 
Na:DNA ratio of 4:1 (Figure 11). In addition, the DNA was shown to exist 
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in the B-helical structure for all the samples examined as indicated by the 
presence of the following bands characteristics of the B form: 1280, 1222, 
1070(sh), and 835 cm'1.34 
Initial studies were designed to look at the effect of Hg(II) on DNA. 
The ATR-FTIR spectra of a series of Hg(II)/DNA mixtures were obtained and 
analyzed. These preliminary studies, performed at various DNA/Hg(II) 
ratios, showed definite interaction between Hg (II) and DNA at the molecular 
level (figure 12). The spectrum of DNA and DNA-Hg(II) showed the bands 
characteristic of B-DNA. The observed perturbation by Hg(II) involved the 
1070 cm'1 (sh) of the phosphate region which is indicative of the B-form. 
There were also changes in the relative intensities of 1086/1053 cm1 peaks. 
The effects of Ni(II) on DNA were also studied in the preliminary 
work. Ni(II) showed no indication of metal-phosphate interaction (Figure 
13). No significant spectral changes were observed when the spectra of 
purified DNA were compared to that of DNA-Ni(II). In efforts to examine 
the simultaneous exposure of more than one metal, the DNA was exposed to 
Ni(II) and Hg(II) simultaneously. Evidence in favor of the ability of Ni(II) to 
prevent Hg(II) from binding to DNA specifically in the phosphate region was 
found (Figure 14). These original experiments were carried out without pH 
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control, assuming DNA would behave as a “self-buffer” as had been assumed 
in most previously reported work.30 However, checking the pH of the 
samples showed that addition of the Hg(II) lowered the pH of the metal-DNA 
mixtures to values as low as 5.6, while the Ni(II)-DNA and Ni(II)-Hg(II)- 
DNA samples were in the 6.5-7.0 pH range. It was decided then to carry out 
a pH-dependent study of the DNA vibrational spectra. 
The pH dependence of the IR spectra of DNA was examined in the 
range between pH 4-8. The limits were established by the stability of the 
ZnSe crystal of the ATR cell. Detailed analysis of the pH-dependent structure 
of DNA by FTIR spectroscopy concluded there is no conformational change 
on DNA as a function of pH in the pH range chosen. This study has centered 
on the region that shows the most dramatic changes as a function of pH which 
is the phosphate region (1330-850 cm'1 ) as shown in Figure 15. The 
absorptivity of the other bands characteristic of B-DNA (base region) remain 
constant. The shoulder at 1070 cm'1 continually decreases in absorptivity 
beginning at pH 4 with increasing pH. In addition, the shoulder at 1016 cm'1 
continually increases in absorptivity beginning at pH 4 with increasing pH. 
At pH 8 the 1070 cm'1 shoulder is still observed and the 1016 cm'1 becomes a 
distinct peak. There is also an intensity decrease of the 1296 cm'1 band. 
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Since, the 1296 cm'1 band is assigned to adenine, it suggests the possibility 
that the decrease in intensity at pH 4 (see Figure 16) is a result of H+ binding 
to adenine residues. In other studies by Raman Spectroscopy, a change in the 
B conformation is observed in the pH 4.09 spectrum. In contrast, our studies 
report the presence of a strong absorption in one of the indicators of the B 
form (1070 cm'1 ). In addition, a decrease in absorbance of 1070 cm'1 is 
observed. However^ we do not conclude that a complete change from the B 
conformation is occurring. The change in the relative intensities of 
1086/1053 cm'1 peaks indicates an apparent small change in the dipole 
moment of the phosphate group. Thus, the phosphate group is believed to 
experience small vibrational changes with increasing pH. Furthermore, lack 
of any change in the frequency of these peaks indicates there is no significant 
changes in the bond strengths and that no conformational change is occurring. 
The importance of these findings is that it proves that changes previously 
abscribed to metal effect on DNA were really only pH effects. Since there 
was no real evidence of Hg(II)-P04 interactions, the study was repeated with 
careful pH control. 
Our studies of Hg(II)/DNA interaction with pH control show no 
evidence of perturbations at any other functional groups except the bases. 
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This is in agreement with the examination reported by Young et. al. in their 
NMR study of DNA complexed with HgCl2 which established that HgCl2 
reacts primarily with the bases and, in particular, with the N3 of the thymine 
moiety. Although interaction with the phosphate groups was not ruled out17, 
this FTIR study rules out this interaction as a possibility under the specified 
conditions. 
The work reported here shows that Hg(II) shows no evidence of 
binding to the PO2' (1220 cm1 ), P-0 (968 cm1), or deoxyribose oxygen 
(1085 cm'1) since such binding would perturb the bands associated with 
vibrations of these groups. However, spectral changes occur between 1550 
and 1100 cm'1 for in plane ring vibrations of the bases. As the concentration 
of Hg(II) is increased, the thymine region (1281 cm'1 ) is increasingly 
perturbed. Also, bands at 1512 cm1, 1397 cm'1, and 1367 cm'‘(sh) grow. 
FTIR spectra of DNA-Hg(II) ina 10:0.25, 10:0.50, 10:0.75, 10:1.0, 10:2.0 
are shown in Figure 17 at pH 6-7 in the 1800-900 cm'1. The most prominent 
change upon metal addition is the disappearance of the absorption at 1281 cm' 
'. Also , a slight modification of the band at 1294 cm'1 occurs and a single 
band undergoes formation at 1295 cm'1. The band, characteristic of base 
pairing (1715 cm'1 ) for the B form, remained unchanged at higher 
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concentrations of mercury until a ratio of 10:2.0. This suggests that Hg(II) 
doesn't cause unpairing of DNA bases in the reported ratio. 
In the presence of nickel, no significant changes in the DNA base 
region or phosphate region were observed. Our results of the interaction 
between Ni(II) and DNA are not consistent with the findings of Kasprazak et. 
ah, in aqueous solutions the Ni(II) interacts predominately with the 
phosphates of DNA. According to Taillandier and coworkers, by means of 
infrared spectroscopy, Ni(II) interacts with the N7 site of guanine and 
stabilize the Z conformation of DNA at low humidities. Our spectra of 
Ni(II)-DNA mixtures are almost identical to the spectra of pure DNA as 
shown in Figure 18. The only band which is observed to change with 
increasing concentrations of Ni(II) is at 1659 cm"1 as shown in Figure 17. 
This peak at 1659 cm"1 overlaps with the water region. We postulate that 
Ni(II) complexes when it is extensively hydrated and thus has minimal 
interaction with the DNA. 
When DNA is exposed simultaneously to mercury and nickel a strong 
Hg(II)-Nucleobase interaction is still observed as shown in Figure 19. In the 
presence of nickel the disappearance of the absorption frequency at 1281 cm"1 
still occurs. Thus, the thymine region (1281 cm'1 ) continues to be perturbed. 
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Furthermore, perturbations in the base region that followed with exposure of 
DNA to Ni(II) are not observed. Interestingly, there is no obvious 
enhancement for the affinity of DNA by metal 1 (Hg(II)) because of the 
addition of metal 2 (Ni(II)); Hg(II) seems to prevent Ni(II) from binding 





The binding sites of Hg(II) at physiological pH have been identified to 
be on the base and not the P02 moieties. The cation seems to complex 
preferentially the thymine base beginning at a ratio of 10:0.75. Also, when 
Hg(II) is bound, no significant dénaturation is detected and no conformational 
transition is induced. As defined by the Lewis theory, Hg(II) is a soft species 
and forms strong bonds with nitrogen atoms. In fact, mercury ions prefer a 
co-coordination number of 2 in a linear X-M-X conformation, where X is a 
ligand and M is the metal ion. Since, no significant dénaturation is detected 
at the DNA:Hg(II) ratios studied, and no other bands other than thymine are 
significantly perturbed in the DNA:Hg(II) spectra, our results support the 
chain slippage mechanism. 
No significant changes in the DNA base or phosphate region were 
observed with DNA in the presence of nickel at physiological pH. In aqueous 
solution Ni(II) shows limited interaction with DNA. 
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As a consequence, further studies of the effect of Ni(II) on DNA need to be 
carried out. 
When DNA is simultaneously exposed to mercury and nickel, mercury 
continues to interact with thymine of DNA. Additionally, there is no obvious 
enhancement for the affinity of DNA by metal 1 (Hg(II)) because of the 
addition of metal 2 (Ni(II)). Thus, there is no direct evidence of a 
competitive relationship between the two metals or a synergistic effect. 
In the past, the choice of a metal ion for a binding site on 
polynucleotides was believed to be an all or nothing proposition. This FTIR 
study of DNA-metal interaction simultaneously examines the interaction of 
metals with DNA bases and phosphate groups. Thus, using FTIR it has 
become clearer, particularly in the case of Hg(II) and Ni(II), the degrees of 
binding by the given metal ion to DNA. 
ex 
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Figure 11. ATR-FTIR Spectra of pure 10.5mM DNA in NaCl at pH 7. 
Spectra taken in a Nicolet Magna 750 Spectrometer. 
Figure 12. pH Dependent study of DNA. ATR-FTIR Spectra of pure 
10.5mM DNA in NaCl at pH 4, 6, and 8. Spectra taken in a Nicolet Magna 
750 Spectrometer. 
Figure 13. ATR-FTIR Spectra of pure 10.5 mM DNA in NaCl at pH 4. 
Spectra taken in a Nicolet Magna 750 Spectrometer. 
Figure 14. Non-pH controlled ATR-FTIR Spectra of 1:1 calf-thymus DNA:Hg(II). 
Concentration: 10 mM each in NaCl. Spectra taken in a Nicolet Magna 750 
Spectrometer. 
Figure 15. Non-pH controlled ATR-FTIR Spectra of 1:1 calf-thymus 
DNA:Ni(II). Concentration: 10 mM each in NaCl. Spectra taken in a 
Nicolet Magna 750 Spectrometer. 
Figure 16. Non-pH controlled ATR-FTIR Spectra of 1:1 calf-thymus 
DNA:Hg(II) and Ni(II). Concentration: 10 mM each in NaCl. Spectra taken 
in a Nicolet Magna 750 Spectrometer. 
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Figure 17. ATR-FTIR Spectra of 10:.25, 10:.50, 10:.75, 10:1, and 10:2 
calf-thymus DNA:Hg(II) at pH 7. Concentration: 10 mM each in NaCl. 
Spectra taken in a Nicolet Magna 750 Spectrometer. 
Figure 18. ATR-FTIR Spectra of 10:.25, 10:.50, 10:.75, 10:1, and 10:2 calf- 
thymus DNA:Ni(II) at pH 7. Concentration: 10 mM each in NaCl. Spectra taken 
in a Nicolet Magna 750 Spectrometer. 
Figure 19. ATR-FTIR Spectra of 10:.25, 10:.50, 10:.75, 10:1, and 10:2 calf- 
thymus DNA:Hg(II)and Ni(II) at pH 7. Concentration: 10 mM each in NaCl. 
Spectra taken in a Nicolet Magna 750 Spectrometer. 
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